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CALIBRATED TUNABLE FIBER 
FABRY-PEROT FILTERS FOR OPTICAL 

WAVELENGTH SCANNERS AND OPTICAL 
SPECTRUMANALYZERS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application takes priority under 35 U.S.C. 119(e) to 
U.S. Provisional application No. 60/147,310 filed Aug. 5, 
1999, which is incorporated by reference herein to the extent 
that it is not inconsistent with the disclosures herein. 

BACKGROUND OF THE INVENTION 

This invention relates generally to devices and methods 
for the measurement of wavelengths of light or the detection 
of light at Selected wavelengths. 

U.S. Pat. Nos. 5,838,437 and 5,892.582 described optical 
wavelength Scanners and Spectrum analyzers which employ 
tunable Fiber Fabry-Perot filters (FFP-TF) for wavelength 
Scanning. The devices and Systems described in these pat 
ents incorporate a multiwavelength reference for in-Situ 
calibration of the FFP-TF for wavelength measurement. The 
use of the multiwavelength reference minimizes the effects 
of drift and nonlinearity in the FFP-TF scanner. In a specific 
embodiment, the multiwavelength reference is a combina 
tion of a fixed fiber Fabry-Perot filter which provides a comb 
of wavelengths of known Separation and a reference fiber 
Bragg grating (FBG) which provides a reference peak or 
notch to identify the wavelength of a peak in the comb. The 
comb of references provides reference peaks over the wave 
length range of interest for detection or analysis. U.S. Pat. 
Nos. 5,838,437 and 5,892,582 are incorporated by reference 
herein in their entirety. 

This invention provides improved devices for highly 
accurate wavelength detection which employ a pre 
calibrated FFP-TF obviating the need for in situ calibration 
of the filter, Significantly simplifying the devices which 
generally have fewer components and Simplified hardware 
and Software, decreasing the cost of the devices, and increas 
ing the Speed of measurement without significant loSS in 
wavelength accuracy. The improved devices can be used in 
a variety of optical applications including tunable receivers, 
Sensor interrogators, wavelength meters, optical tracking 
filters and optical channel analyzers. The devices of this 
invention generally avoid the use of optical Switches needed 
in prior devices employing in Situ calibration to allow 
comparison of reference and measured wavelengths. A one 
time calibration of the FFP-TF is performed at a range of 
temperatures over the intended operating temperature range 
of the filter to generate a Set of calibration coefficients for 
curve fitting. These coefficients, which embody correction 
data for wavelength and power error, are used to correct 
wavelength and power measurements in devices using the 
FFP-TF scanner. FFP-TF can also be precalibrated for 
bandwidth variation. The calibration can be performed once 
(at multiple temperatures) after the device is constructed 
rather than periodically within the instrument in the field. 
FFP-TF employ piezoelectric actuators or transducers 

(PZTs) to change the length of the FP cavity and thereby 
tune the wavelength of the filter. PZTs exhibit dynamic 
nonlinearities arising from nonlinear length dependence 
upon Voltage, Voltage hysterisis, and temperature. PZTS 
retain a memory, in the form of remnant polarization, of the 
Voltage and temperature conditions to which they have been 
exposed. In particular, after exposure of a PZT to very low 
temperatures, it can take up to a month for the PZT to return 
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2 
to its original Steady State polarization condition. Because of 
this Sensitivity to Voltage and temperature conditions, in Situ 
calibration, as described in the U.S. patents noted above, 
was believed to be necessary to obtain wavelength accuracy 
in the 10-20 picometer range desirable for applications 
noted herein. The inventors have discovered that application 
of a low level negative voltage to the PZTs used in the 
FFP-TFs, rapidly resets the PZT to its original steady state 
condition eliminating remnant polarization due to the Volt 
age or temperature history of the PZT. The set of calibration 
coefficients determined for a FFP-TF with the PZTS in this 
Steady State condition can then be employed at any time in 
the future, if the PZT of the FFP-TF is reset to the steady 
State condition prior to making wavelength measurement 
and applying the pre-determined calibration coefficients. 
The length of PZTs are typically changed by application 

of a positive variable voltage to the PZT. In a low voltage 
PZT, the range of Voltage applied to change the length 
ranges from 0 to about 40 volts. An FFP-TF is typically 
tuned through a wavelength range by application of a 
voltage ramp to the PZT of the filter. Calibration of the 
FFP-TF associates a voltage applied to the PZT to the 
wavelength passed by the filter at that applied Voltage. 

The inventors have found that application of a low 
negative voltage, e.g., -5 volts to the PZT of the FFP-TF (a 
stacked PZT) resets the PZT to the original steady state 
condition eliminating remnant polarization within about 1 
minute. After the PZT is reset, application of the predeter 
mined calibration coefficients provides reproducible, accu 
rate wavelength calibration of the filter. The negative reset 
Voltage employed is preferably less in magnitude than about 
25% of the depoling voltage (typically about 40 volts) of the 
PZT, i.e., less than about 10 V in magnitude. The resetting 
procedure has demonstrated excellent Stability over a wide 
range of temperatures. 
The devices of this invention can be programed to apply 

the resetting voltage to the PZTs of the FFP-TF whenever 
the device is turned on. Devices can also be equipped with 
a controller and Voltage Source that allows application of the 
negative reset Voltage periodically when the device is in 
operation, Selectively as determined by the operator of the 
device, or in response to an event or condition, Such as the 
detection of a loSS in wavelength accuracy or a change in 
operating conditions. 

SUMMARY OF THE INVENTION 

The invention provides a calibration method for tunable 
optical filters which is particularly useful with Fiber Fabry 
Perot Tunable Filters (FFP-TFs) and specifically useful with 
FFP-TFs which employ piezoelectric transducers as tuning 
elements. The method is generally applicable to achieve 
wavelength error of less than about +50 picometers over the 
operating temperatures of the filter. Preferably, application 
of the calibration method achieves wavelength error of less 
than about t20 picometers over the operating temperature 
range of the filter. The invention also provides tunable 
optical filters calibrated by the inventive method and optical 
devices for measurement of wavelengths of light which 
comprise the inventive calibrated tunable optical filters. 
The calibration method involves the determination of 

calibration coefficients employing a plurality of known 
wavelengths of light over a wavelength region of interest to 
generate a Set of calibration coefficients. 
A Set of calibration coefficients is determined at each of a 

plurality of temperatures over the operating temperature 
range of the filter. The operating temperature range of the 
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filter may, for example, range from O C. to about 60° C. In 
a preferred embodiment Sets of calibration coefficients are 
determined at intervals of about 1 C. to about 10 C. over 
the operating temperature range of the device. For example, 
a set of calibration coefficients over the desired wavelength 
range Spanned by the plurality of known wavelengths is 
determined for each interval of 1° C., 5 C. 10° C. over the 
operating temperature range of the filter. 

The sets of calibration coefficients determined for the 
tunable filter which span the wavelength region of interest 
and the operating temperature range of interest are Stored in 
a microprocessor or computer. The Stored coefficients are 
then employed to correct measurements or determinations of 
unknown wavelengths by the tunable filter. 

The stored coefficients can also be used to set the tunable 
filter to detect the presence of a Selected wavelength among 
a plurality of wavelengths. Such as in a broad band of 
wavelengths. 

To correct a wavelength measured by the tunable filter at 
a Selected temperature, a Set of coefficients determined at the 
selected temperature or within about 1 C. to about 10 C. 
of the selected temperature is employed. Where no set of 
coefficients is determined at the Selected temperature, it is 
preferred to correct the wavelength measurement by inter 
polation employing two sets of coefficients measured at 
temperatures which bracket the Selected temperature. 

In a specific embodiment, the calibration method of this 
invention is applied to tunable filters which employ piezo 
electric transducers as tuning elements. In these filters, the 
length of the piezoelectric transducer is changed to tune the 
wavelength of the filter. In a preferred application of the 
calibration method to Such filters, a low negative Voltage is 
applied to the piezoelectric transducer prior to determination 
of calibration coefficients and prior to the measurement of 
wavelength using the filter. 

The invention also provides optical devices-for the mea 
Surement or detection of wavelengths of light or for the 
Selection of a wavelength of light from a plurality of 
wavelengths of light. These devices comprise a tunable 
filter, preferably a fiber Fabry-Perot tunable filter, calibrated 
by the method of this invention. The device comprises the 
tunable filter and Some means for Storing the Sets of cali 
bration coefficients and employing the Sets of calibration 
coefficients to correct wavelength measurements by the 
filter. The sets of calibration coefficients may also be used to 
tune the filter, e.g., by adjusting the Voltage applied to a 
piezoelectric transducer, to receive or pass a Selected wave 
length. 

Other aspects and benefits of the invention will become 
apparent on review of the following figures and detailed 
description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph of wavelength error (nm) at Several 
temperatures as a function of wavelength (nm) when the 
FFP-TF calibration is performed at a single temperature (60° 
C.) using one known reference wavelength. Temperatures of 
error measurement are indicated on the graph. 

FIG. 2 is a graph of wavelength error (nm) at Several 
temperatures as a function of wavelength (nm) when the 
FFP-TF calibration is performed at one temperature (60° C.) 
at two known reference wavelengths which bracket the 
wavelength range of interest. Temperatures of error mea 
Surement are indicated on the graph. 

FIG. 3 is a graph illustrating wavelength error 
(picometers) at 25 C. using the FFP-TF calibration method 
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4 
of this invention. Two sets of calibration coefficients mea 
sured at 20° C. and 30° C., respectively, are applied to 
interpolate wavelength measurements made at 25 C. 

FIG. 4A is a Schematic drawing of a calibrated optical 
channel analyzer containing a pre-calibrated FFP-TF. A set 
of calibration coefficients is Stored in the computer or 
microprocessor of the device. 

FIG. 4B is a schematic drawing of another optical channel 
analyzer of this invention containing a pre-calibrated FFP 
TF. 

FIG. 4C is a schematic drawing of a calibrated sensor 
interrogator containing a pre-calibrated FFP-TF. 

FIG. 5 is a schematic drawing of a calibrated channel 
monitor containing a pre-calibrated FFP-TF. 

FIG. 6 is a schematic drawing of a calibrated tunable 
receiver containing a pre-calibrated FFP-TF. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The invention is further illustrated by reference to the 
drawings in which the same numbers are used to refer to the 
Same device elements. 

FIGS. 1-3 are graphs illustrating the effectiveness of 
different calibration schemes for an FFP-TF in wavelength 
measurement. FIG. 1 illustrates wavelength error for mea 
Surements at varying temperatures (as indicated in the figure 
at 0-60° C.) when the filter is calibrated at a single tem 
perature using one known reference wavelength (at the 
lower end of the operating wavelength range). The calibra 
tion was performed at 60° C. in the upper range of operating 
temperatures. Large errors of the order of Several nanom 
eters are observed when using this calibration procedure. 
This calibration method is not useful for obtaining accura 
cies in the 10-20 picometer range. Wavelength error is the 
difference between the wavelength measured by the FFP-TF 
as adjusted by the calibration method employed of a known 
reference wavelength and the actual wavelength of that 
known reference wavelength. 

FIG. 2 illustrates the application of a similar calibration 
method employing two known reference wavelengths (one 
at the lower and one at the upper limit of the operating 
wavelength range to bracket the range) and a calibration 
performed at one temperature (60°C). While the errors with 
measurements performed at different temperatures (as indi 
cated in the graph) are significantly lower than with the 
calibration of FIG. 1 (of the order of hundreds of 
picometers) using this calibration is procedure, the errors are 
Still too high for the intended applications. 

FIG. 3 illustrates the application of interpolation using a 
Set of calibration curves measured at temperatures over the 
operating range of the filter. The graph shows the errors in 
measurements made at 25 C. by applying interpolation of 
calibration coefficients measured at 20° C. and 30° C. The 
errors are less than about 10 picometers which is within the 
desired accuracy level for intended applications of wave 
length Scanners and Spectrum analyzers. 

In a specific example, an FFP-TF with PZT reset to the 
Steady State condition is calibrated using known reference 
wavelengths, Such as the comb of wavelengths Supplied by 
the multiwavelength reference of U.S. Pat. Nos. 5,838,437 
and 5,892,582, at a plurality of temperatures over the 
operating range of the filter. A variety of curve-fitting 
procedures can be employed to generate calibration coeffi 
cients. For example, calibration coefficients can be gener 
ated by curve-fitting of required corrections to a 6-order 
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polynomial. Calibration curves can be measured every 
1-10 C. over the operating temperature of the filter. A set 
of calibration curves generated every 5 C. was found to 
provide wavelength measurements within the desired accu 
racy of 10-20 picometers. Calibration coefficients are stored 
in the microprocessor or computer of the Scanner or Spec 
trum analyzer, e.g., in a look-up table, for correction of 
wavelength measurements. Since calibration is temperature 
dependent, the temperature of the FFP-TF at the time of 
wavelength measurement must be known. A temperature 
Sensor can be used to detect the temperature and convey the 
measurement to the device microprocessor or computer for 
use in calibration. Alternatively, the FFP-TF can be main 
tained at a constant known temperature. 

FIGS. 4A-C, 5 and 6 illustrate various device configu 
rations which employ the pre-calibrated FFP-TF described 
herein. 

FIG. 4A is a Schematic diagram of a calibrated optical 
channel analyzer where optical coupling of device elements 
is illustrated in heavy lines and electrical coupling with thin 
lines. The device contains a pre-calibrated FFP-TF and a set 
of calibration coefficients generated at temperatures over the 
operating temperature range of the device are Stored in the 
device computer or microprocessor. Two or more known 
reference wavelengths bracketing or Spanning the wave 
length range of the device are provided. In the illustrated 
device, the reference wavelengths are provided using refer 
ence FBGs (1) optionally coupled to a reference light Source 
(4). 

The reference light Source is optically coupled (heavy 
lines) through coupler 9 to the reference FBGs which reflect 
light back at their Bragg wavelength. The reflected FBG 
wavelengths pass through coupler 9 and into the calibrated 
FFP-TF. Subject light, (i.e., light that is being measured) 
from any source (5) enters the device through coupler (7) 
(only a small portion of the subject light need be diverted 
into the analyzer) and passes through coupler (9) to the 
FFP-TF (10). The wavelengths passed by the filter are 
Scanned by application of a voltage ramp to the PZT (not 
specifically illustrated) of the FFP-TF (10). Light passing 
through the filter is detected by detector (15) and associated 
with the voltage applied to the PZT. The voltage ramp is 
applied through an FFP controller (FFPC) (20). A tempera 
ture sensor (25) measures the temperature of the FFP-TF and 
Supplies this information to the computer or microprocessor 
(30) for use in wavelength calibration. Prior to making a 
measurement and preferably when the device is turned on, 
a negative reset Voltage, preferably -5V, is applied to the 
PZT of the filter (10) to reset the PZT to the steady state 
condition. The negative reset Voltage is applied through the 
FFPC or may be applied through a separate Voltage Supply. 
Further details of scanning the FFP-TF and data collection 
are provided in the U.S. patents noted above. Details of the 
structure of FFP-TFs are also provided in the patents noted 
above. 
The Bragg wavelength of an FBG changes with tempera 

ture. Reference FBGs are preferably temperature controlled 
or temperature compensated to minimize wavelength 
change with temperature. Further, if the temperature depen 
dency of wavelength of the FBG is known, it is possible to 
correct for temperature variation. FBG temperature correc 
tion curves are then provided to the computer or micropro 
cessor (30). In this case, the FBG temperature is monitored 
with a temperature Sensor and temperature information 
Supplied to the computer or microprocessor (30) to facilitate 
calibration. 

Subject light with two bracketing reference wavelengths 
() and 2) enters the FFP-TF which is scanned over the 
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6 
wavelength range and light exiting the FFP-TF is detected as 
a function of applied Voltage. The Stored calibration coef 
ficients of the FFP-TF appropriate for the temperature of the 
measurement and the measurements of the known reference 
wavelengths are applied to the collected data to generate 
calibrated wavelength measurements. This device can be 
used to identify the wavelengths of light in the Subject light 
or to detect the presence of light of a Selected wavelength in 
the Subject light. 

FIG. 4B illustrates an alternative optical channel analyzer 
in which the reference FBGs (1) are optically coupled in 
series with the pre-calibrated FFP-TP (10). Again the com 
puter or microprocessor (30) of the device is provided with 
calibration coefficients generated for the FFP-TF (10). A 
portion of the subject light (5) is coupled into the device 
through coupler (7). Subject light in this case is sufficiently 
broadband to encompass the FBG wavelength. Two notches 
in the Subject light are created by passage of the light 
through the reference FBGs (1). Subject light with two 
reference notches enters the FFP-TF (10). Subject light may 
be a combination of light to be integrated and a broad 
background Source extending to the reference wavelengths. 
The FFP-TF (10) is scanned and light is detected (at detector 
15) as a function of voltage applied to the PZT of the filter. 
The calibration procedure is applied to the data collected to 
determine wavelength. As in the device of FIG. 4A, a reset 
voltage is provided to the PZT prior to collecting data to 
ensure the accuracy of application of the calibration coef 
ficients. 

FIG. 4C illustrates a Sensor interrogator. In this device, a 
Sensor array (40), e.g., an FBG sensor array and two or more 
reference FBGs (1) are optically coupled to a light Source 
(35) through coupler (7). Light reflected back from the 
reference FBGs and the sensor FBGs is coupled through 
coupler (7) into the FFP-TF filter (10). Resetting of the PZT, 
data collection and calibration is performed as in the devices 
of FIGS. 4A and B. 

FIG. 5 illustrates a calibrated channel monitor having a 
pre-calibrated FFP-TF (10) of this invention. In this case 
WDM input (50) is coupled into the FFP-TF (10) through 
coupler (47). Reference wavelength peaks are generated by 
reflection from the FBGs which are optically coupled to a 
reference light source (35). The reflected reference wave 
lengths also enter the FFP-TF (10). Resetting of the PZT, 
data collection and calibration are performed as in the 
devices of FIGS. 4A-4B. 

The device configurations of FIGS. 4A-C and 5 contain 
optional optical isolators (26). The FFP-TF employed in the 
configurations of FIGS. 4A-C and 5 are narrow BW filters. 
Preferred BW for these filters are in the range 30–40 
picometers. 

FIG. 6 illustrates a calibrated tunable receiver. WDM 
input (50) passes through reference FBGs (1) generating 
reference wavelength notches outside of the WDM signal 
band, and into the FFP-TF (10). The computer generates, 
from a desired wavelength, the temperature, and Stored 
calibrations coefficients, a Voltage value which is applied via 
the FFPC (20) to the pre-calibrated FFP-TF (10). This 
voltage tunes the FFP-TF to approximately the desired 
wavelength. A Small high frequency (2 KHZ) AC signal is 
Superimposed on the DC driving Voltage. Approximately 
90% of the signal passing through the FFP-TF is sent to the 
highbandwidth detector (15) as a data signal via coupler (7). 
The remaining 10% of the signal is diverted through a low 
frequency photodiode (60). The voltage output of the pho 
todiode circuit is the input for a phase detector which 
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produces an error Signal indicating the magnitude and direc 
tion of the deviation of the FFP-TF output wavelength from 
the desired wavelength. This error Signal is Superimposed on 
the voltage supplied by the FFPC (20) to lock the FFP-TF 
output to the desired wavelength. The advantage of the 
wavelength-PZT Voltage calibration is that the FFP-TF can 
be tuned within locking range of the desired wavelength by 
knowing only the desired wavelength and the temperature of 
the FFP-TF. This permits one wavelength in a signal carry 
ing multiple wavelengths to be detected. The closed loop 
wavelength locking circuit extends from the FFP-TF (10) 
through coupler C1 (7), the phase detector (60), the FFPC 
(20) and back to the FFP-TF (10). The tuning circuit extends 
from the computer (30) through the FFPC (20) to the 
FFP-TF (10). 
The FFP-TF used in the tunable receiver of FIG. 6 has a 

relatively broad bandwidth (BW) sufficient to pass the 
modulation on the WDM channel. Typical BW for filters for 
this application are 300-400 picometers. 

The calibration method of this invention generates cali 
bration coefficients employing a plurality of known wave 
lengths. These known wavelengths can be provided, for 
example, as described in U.S. Pat. Nos. 5,838,437 or 5,892, 
582, using a multi-wavelength reference, by providing a 
plurality of FBGs which reflect a plurality of known wave 
lengths or by providing one or more reference light Sources 
which generate a plurality of known wavelengths. When 
employing certain Sources of known reference wavelengths, 
it may be necessary to employ a bandwidth filter to isolate 
a Selected Spectral region for use as a reference. 
The calibrated FFP-TF and optical devices containing 

them can be employed in a variety of optical applications 
including those noted in U.S. Pat. Nos. 5,838,437 and 
5,892,582. These patents also provide descriptions of the 
operation and structure of FBGs and provide references 
describing various FFP-TF. These patents further provide 
detail of the operation of FFP-TF as scanners and the 
determination of wavelengths using Such filters. 

The PZT resetting procedure described herein can be 
employed with PZTS in any application, particularly those 
applications where accurate, reproducible changes in length 
as a function of temperature and Voltage are required. This 
invention provides a method for calibrating all PZTs. 

All references cited herein are incorporated in their 
entirety by reference herein to the extent not inconsistent 
herewith. 
We claim: 
1. A method for calibrating a tunable optical filter appli 

cable over an operating temperature range of the filter which 
comprises the Steps of: 

providing a plurality of known reference wavelengths, 
determining calibration coefficients for the tunable filter at 

each of the plurality of known reference wavelengths at 
a plurality of temperatures within the operating tem 
perature range of the tunable filter to generate a set of 
calibration coefficients at each temperature; 

Storing the Sets of calibration coefficients in a micropro 
ceSSor or computer; and 

employing the Stored calibration coefficients to calibrate a 
wavelength measured by the filter. 

2. A method for calibrating a tunable optical filter appli 
cable over an operating temperature range of the filter which 
comprises: 

providing a plurality of known reference wavelengths, 
determining calibration coefficients for the tunable filter at 

each of the reference wavelengths at a plurality of 
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8 
temperatures with the operating temperature range of 
the tunable filter to generate a set of calibration coef 
ficients at each temperature of the plurality of tempera 
tures, 

employing a Set of calibration coefficients determined 
within about 5 C. of a selected temperature to correct 
a wavelength measured by the tunable filter at the 
Selected temperature; or 

employing two Sets of calibration coefficients at tempera 
tures which bracket a Selected temperature to correct a 
wavelength measured by the tunable filter at the 
Selected temperature. 

3. The method of claim 2 wherein the tunable filter is a 
fiber Fabry-Perot tunable filter. 

4. The method of claim 2 wherein sets of calibration 
coefficients are determined at about 5 C. temperature inter 
vals over the operating temperature of the filter. 

5. The method of claim 2 wherein sets of calibration 
coefficients are determined at about 1 C. temperature inter 
vals over the operating temperature of the filter. 

6. The method of claim 2 wherein the set of calibration 
coefficients employed to correct a wavelength measurement 
at a Selected temperature is a Set that was determined at a 
temperature within about 5 C. of the selected temperature. 

7. The method of claim 6 wherein the set of calibration 
coefficients employed to correct a measurement is deter 
mined at a temperature within about 2 C. of the temperature 
of the measurement. 

8. The method of claim 2 wherein the tunable filter 
employs a piezoelectric transducer as a tuning element. 

9. The method of claim 8 further comprising the steps of 
applying a low negative resetting Voltage to the piezoelectric 
transducer of the tunable filter prior to determination of the 
calibration coefficients and prior to any wavelength mea 
Surement of the tunable filter. 

10. The method of claim 9 wherein a resetting voltage of 
about -5 volts is applied to the piezoelectric transducer. 

11. An optical device for measuring wavelengths of light 
which comprises: 

a fiber Fabry-Perot tunable filter; and 
a microprocessor or computer in which Sets of calibration 

coefficients for the tunable filter are stored wherein the 
Stored Sets of calibration coefficients comprise a set of 
calibration coefficients for a plurality of known refer 
ence wavelengths for each of a plurality of tempera 
tures within the operating temperature range of the 
filter. 

12. The optical device of claim 11 wherein the stored sets 
of calibration coefficients comprise a set of calibration 
coefficients for each 5 C. interval over the operating tem 
perature range of the filter. 

13. The optical device of claim 11 wherein the stored sets 
of calibration coefficients span the operating temperature 
range of the filter at 5 C. intervals. 

14. The optical device of claim 11 wherein the fiber 
Fabry-Perot tunable filter comprises a piezoelectric trans 
ducer as a tuning element. 

15. The optical device of claim 11 which is a calibrated 
optical channel analyzer. 

16. The optical device of claim 11 which is a calibrated 
Sensor interrogator. 

17. The optical device of claim 11 which is a calibrated 
channel monitor. 

18. The optical device of claim 11 which is a calibrated 
tunable receiver. 


